Since Kepler (1604) and Descartes (1638), 'vergence' (the angular rotation of the eyes) has been 9 thought of as one of our most important absolute distance cues. But vergence has never been tested 10 as an absolute distance cue divorced from obvious confounding cues such as binocular disparity. 11
Introduction 23 24
The closer an object is, the more the eyes have to rotate towards one another to fixate on it ( Fig.1) . 25
Since Kepler (1604) and Descartes (1637) , 'vergence' (this angular rotation of the eyes) has been 26 thought of as one of our most important absolute distance cues (Howard, 2012; Rogers, 2017) . In 27 the contemporary literature this is often articulated as an ability to 'triangulate' absolute distance 28 (Parker, Smith, & Krug, 2016; Banks, Hoffman, Kim, & Wetzstein, 2016) . 29
Because the angular rotation of the eyes drops off with the arctan of the viewing distance 30 ( Fig.1) vergence's effective range as a distance cue is often thought to be limited to 2-3m (Howard, 31 2012 ). However, within reaching space, two studies demonstrate the effectiveness of vergence as 32 an absolute distance cue: First, Mon-Williams & asked subjects to point with a 33 hidden hand to the distance of a point of light after the vergence of the left eye had been 34 manipulated using a prism. They found a strong linear relationship between vergence and 35 perceived distance (y = 0.86x + 6.5) for distances between 20cm and 60cm ( Fig.1) . Second, 36 Viguier, Clément, & Trotter (2001) presented subjects with a 0.57° disc at distances between 20cm 37 and 80cm for 5 seconds, and then after another 5 seconds in darkness, asked subjects to match the 38 3 distance with a visible reference. They found subjects were close to veridical for 20cm, 30cm, and 39 40cm, but increasingly underestimated distances beyond that: 60cm was judged to be 50cm, and 40 80cm was judged to be 56cm (Fig.1 is that vergence is a highly effective absolute distance cue within reaching space (Howard, 2012 However, our concern is that studies (such as Mon-Williams & Viguier 58 et al., 2001 ) that appear to confirm vergence as an effective absolute distance cue do not control 59 for three confounding cues. 60 1. Retinal Disparity (Diplopia): If the observer's vergence is at a resting state, then when 61 the target is initially presented at 20cm it is going to be seen as double. But we know from Morrison 62 of light between 0.5m-9.2m could be attributed to diplopia, since performance was only degraded 65 by 10% when the stimuli were shown for a brief period (0.1-0.2s; too quick for a vergence 66 response) as opposed to an extended period. 67 2. Motion on the Retina: The second confounding cue is the motion of the target on the 68 retina as it moves from the retinal periphery to the fovea during vergence. When the stimulus is an 69 isolated target viewed in darkness (as it was in Mon-Williams & Tresilian, 1999 and Viguier, 70 Clément, & Trotter, 2001), subjects will literally watch the two targets streak towards each other 71 across the visual field. Given plausible assumptions about our vergence resting state (that our 72 vergence is beyond arms reach when our eyes are relaxed), the motion of the target across the 73 visual field could be used to inform subjects about the absolute distance of the target. 74 3. Conscious Awareness of our Vergence Eye Movements: If subjects have to make sudden 75 fixational eye movements in a response to a target presented as close as 20cm, they will inevitably 76 be consciously aware of their own eye movements. If subjects have little or no other absolute 77 distance information, they are going to attend to these consciously felt muscular sensations and 78 attach a lot of weight to them. But this is not how we judge distances in everyday viewing (cf. 79
Berkeley, 1709 who argued that it is). Instead, the suggestion is that the visual system 80 unconsciously processes muscle movements that we don't notice (sub-threshold extraocular 81 muscle proprioception) or eye movement plans we don't know about (efference copy). 82
Consequently, it is important to focus on sub-threshold vergence eye movements (eye movements 83 that subjects don't notice) if we are to get a better understanding of how vergence actually 84 contributes to distance perception everyday viewing. 85
To summarise, the extensive literature on vergence as an absolute distance cue tests 86 vergence in the presence of an obvious confounding cue (binocular disparity) and in a way that is 87 divorced from everyday viewing (conscious awareness of eye movements). The concern binocular 88 disparity might explain the experimental results, is not new: it formed the basis of Hillebrand 89 (1894)'s critique of Wundt (1862) . So why, a century on, has this concern yet to be addressed? 90
The answer is that vergence is either driven by disparity or we have to inform the subject about 91 the change in distance in some other way (e.g. tracking their hand whilst observing an after-image: 92 Taylor, 1941; Gregory, Wallace, & Campbell, 1959) . Which poses a dilemma: either we test the 93 5 effectiveness of vergence as an absolute distance cue in the presence of an obvious confounding 94 cue (binocular disparity), or we inform the subject about the very thing (absolute distance) that we 95 are asking them to judge. 96
The only alternative is to manipulate vergence gradually so that even the changes in 97 disparity that drive vergence are sub-threshold. This may appear to be an artificial way of 98 manipulating vergence. But since we believe that it is pointless to test the effectiveness of vergence 99 in the presence of an obvious confound, we choose to pursue this option in Experiment 1 and 100 Experiment 2, and then explain in the Discussion why we think that the gradual manipulation of 101 vergence still provides us with a valid insight into everyday viewing. subject's right eye, and only vary the vergence demand of the left eye. This approach has two 125 shortcomings: First, it leads to an asymmetric vergence demand. For a 20cm target aligned with 126 the right eye, the vergence demand is 17.75° for the left eye and 0° for the right eye, rather than 127 8.81° for each eye. In normal viewing conditions such extreme asymmetries are eradicated by head 128 rotation. Second, the stimulus is liable to be perceived as drifting rightwards as it gets closer: at 129 50cm a stimulus aligned with the right eye is offset from the subject's midline by 3.5°, whilst at 130 The experimental protocol set the initial vergence distance to 50cm. During the first trial, that was 147 longer than the subsequent trials, the vergence distance was varied over 32 seconds from 50cm to 148 29cm (the centre of the range) as the subjects looked at the fixation target. After 32 seconds, a 149 point was presented at 29cm and the subject had to point to its distance on the side of the box. In 150 each subsequent trial the vergence distance was stepped up or stepped down over 15 seconds by 151 one step in a pseudo-random walk that covered 7 vergence-specified distances (20cm, 22cm, 152 25cm, 29cm, 34cm, 40cm, and 50cm). Each subject completed 96 trials, with the pseudo-random 153 ensuring that each of the 7 distances was tested at least 10 times. 154
All subjects were naïve as to the purpose of the experiment, and subjects were completely 155 naïve about the experimental set-up. They did not see the room or apparatus beforehand, which 156 was sealed off by a curtain, and they were wheeled into the experimental room wearing a blindfold. 157
Their hand was guided to a head and chin rest, and they had to ensure their head was in place, with 158 8 a further hood of blackout fabric pulled over their head, before they could take the blindfold off. 159
This procedure, coupled with the fact that the box was sealed, and the illumination in the room 160 outside the box was reduced to a low-powered LED, ensured that the stimulus was viewed in 161 perfect darkness. pointing is a good reporting mechanism for perceived distance. The control replicated the head 165 and chin rest, and right-hand wall, of the original apparatus, but removed the top, back, and left-166 hand wall, enabling a familiar object (a 510g Kellogg's Rice Krispies box) to be seen in full-cue 167 conditions. Subjects pointed to the front of the cereal box with a hidden hand in 3 sets of trials that 168 ensured 10 trials in total for each of the 7 distances (20cm, 22cm, 25cm, 29cm, 34cm, 40cm, and 169 50cm). One subject (SM) was unable to return to complete the control. 170
The observers were 12 acquaintances of the author (9 male, 3 female; ages 28-36, average 171 age 31.2) who indicated their interest to volunteer for the study in response to a Facebook post. 172
Observers either did not need visual correction or wore contact lenses (no glasses). As expected, hidden-hand pointing in full-cue condition is close to veridical: y = 1.032x -196 0.76 (with 95% confidence intervals of 0.992 to 1.071 for the slope, and -2.36 to 0.73cm for the 197 intercept). However, it is a different story when vergence is the only cue. We clustered a histogram 198 of the slopes in Fig.4 using the mclust5 package (Scrucca, Fop, Murphy, & Raftery, 2017), and 199 found that the results were best explained by two populations of equal variance: 200 201 1. 10 out of the 12 subjects had a slope indistinguishable from 0 (y = 0.074x + c). Using a 202 linear mixed-effects model we estimated the slope and intercept for these 12 observers to 203 be y = 0.075x + 43.52 (with 95% confidence intervals of -0.035 to 0.183 for the slope, and 204 37.12 to 49.70 for the intercept). 205 206 2. 2 out of the 12 subjects (EA and WR) had a slope indistinguishable from 1 (y = 0.983x + 207 c). Using a linear mixed-effects model we estimated the slope and intercept for these 2 208 observers to be y = 0.987x + 15.72 (with 95% confidence intervals of 0.747 to 1.219 for 209 the slope, and -3.94 to 36.13 for the intercept). 210
211
Vergence is an ineffective absolute distance cue for the vast majority of our subjects. However, 212 how do we explain the performance of WR and EA? Both of them, along with the subject with the 213 third highest gain (KR), reported symptoms consistent with vergence-accommodation conflict: EA 214 and KR reported using the change in size of the dot with defocus as a cue to distance, whilst WR 215 complained of significant eye strain, describing the experiment as "exhausting" for his eyes (and 216 abandoned a revised version of the experiment as being "painful" and "quite exhausting for his 217 eyes" after just six trials). We hypothesised that the performance of these three subjects relied on 218 vergence-accommodation conflict, rather than vergence being an effective absolute distance cue. 219
The purpose of Experiment 2 was to test whether their performance would disappear once 220 vergence-accommodation conflict had been controlled for, as well as testing 12 new participants 221 using our revised experimental paradigm that controlled for vergence-accommodation conflict. In addition the fixation target ( Fig.3 ) was made larger (2.4° x 2.4°) and higher contrast in order to 242 aid accommodation. Rather than changing in angular size, the fixation target now varied in 243 luminance (between 100% and 50% of its initial luminance, at 2Hz). To increase contrast, stimuli 244 were projected onto a white screen 156cm away from the observer, rather than a black metal plate 245 90cm away. To ensure this increase in illumination did not also illuminate the apparatus, black 246 fabric was added to ensure a narrow viewing window, and red filters from red-cyan stereo-glasses 247 (blocking ≈100% green light, ≈90% blue light) were added in front of each eye. In a separate 248 preliminary experiment using an autorefractor, these filters were found to have no impact on 249 accommodation. 250
The experimental protocol set the initial vergence distance to 50cm. During the first trial, 251 that was longer than the subsequent trials, the vergence distance was varied over 50 seconds from 252 50cm to the centre of the range (26cm for Near trials, 30cm for Middle trials, and 36.5cm for Far 253 trials) as the subjects looked at the fixation target. In each subsequent trial the vergence distance 254 was stepped up or stepped down over 30 seconds by one step in a pseudo-random walk that covered 255 the vergence-specified distances. The 12 new participants completed 7 sets of 20 trials (2 Near, 3 256
Middle, and 2 Far) that ensured that each combination of accommodation and vergence was tested 257 at least 10 times. For the subjects from Experiment 1 a reduced version of the experiment was 258 constructed: 4 sets of 20 trials (1 Near, 2 Middle, and 1 Far) with 23cm and 26cm tested in Near; 259 26cm, 30cm, and 36.5cm tested in Middle; and 36.5cm and 45.5cm tested in Far. Subject WR from 260 Experiment 1 was unable to return, but subjects KR and EA returned to complete this experiment. As expected, the 12 new subjects were also close to veridical in the full-cue control condition: y = 297 1.078x -0.69 (with 95% confidence intervals of 1.036 to 1.122 for the slope, and -3.19 to 1.81 for 298 15 the intercept). By contrast, when vergence and accommodation were the only cues to absolute 299 distance their performance had three defining features: 1. Low gains, 2. High variability, and 3. 300
No benefit from accommodation: 301 1. Low Gains: We clustered the slopes in Fig.6 using the mclust5 package and found that 302 a single population with an average slope of y = 0.161x + c best fits the data (although this was 303 only marginally better than two populations with equal variance). Using a linear mixed-effects 304 model we estimate the slope and intercept to be y = 0.161x + 38.64 (with 95% confidence intervals 305 of 0.090 to 0.239 for the slope, and 33.43 to 43.36cm for the intercept). This confirms similar 306 findings for 11 of the 12 participants in Experiment 1 (when we include KR and EA's revised 307 results), with the 12 th participant unable to return. On the basis of these results we are confident 308 that this is a highly replicable finding. 309 2. High Variability: The high degree of variance in the results is best illustrated by the raw 310 data of the 12 subjects ( Figure 5 , right panel). There is little evidence of a specific distance 311 tendency (Gogel, 1969) . Instead, subjects appear to be effectively guessing. 312
Indeed, we were struck by the high degree of variance in the results of the 6 subjects with 313 above average slopes. To quantify this variance we estimated the standard deviation of the residual 314 error (i.e. how much each of those 6 subjects departed from their own line of best fit in Figure 6 ), 315 after correcting for motor error (assuming that perceptual error and motor error are independent). 316
We did this by attributing all of the variance in the full-cue control condition to motor error (an 317 intentional overestimate) in order to produce a conservative estimate of the residual error using the 318 following formula: 319 320 "#$%&'() = , -#".#/0# 1 − 03/4"3) 1 321 322 Limiting ourselves to ± 2 standard deviations from the slope of best fit to rule out any outliers, we 323 find an average residual error for those 6 subjects of 17cm. Given the range of the experiment itself 324 was 22.5cm, one is left questioning just how functionally useful an absolute distance cue with this 325 degree of variance could be. 326 3. No Benefit from Accommodation: It has been shown that accommodation can contribute 327 absolute distance information, although it is subject to a high degree of variance (Fisher & 328 16 Ciuffreda, 1988; Mon-Williams & Tresilian, 2000) . But we found no effect on absolute distance 329 of varying accommodation by two dioptres. We compared the line of best fit when (a) 330 accommodation was varied in line with vergence for 23cm, 30cm, and 45.5cm, to the line of best 331 fit when (b) accommodation was fixed at 30cm for all three distances. We found a slight reduction 332 in performance when accommodation was varied (y = 0.147x + 38.91) vs. when accommodation 333 was fixed (y = 0.176x + 38.02), but this effect was not statistically significant. We certainly didn't 334 find the improvement in performance that one would expect if accommodation were a 335 complementary absolute distance cue to vergence. 336 337
Discussion 338 339
We believe that these results show that vergence and accommodation are ineffective absolute 340 distance cues once confounding cues have been controlled for. The key criticism of this conclusion 341 is that vergence was gradually manipulated in an artificial way during our experiments. But this is 342 inevitable if we are to test vergence in the absence of confounding cues such as retinal disparity. 343
And we can have no confidence that vergence is an absolute distance cue if it is only effective 344 when it is tested in the presence of confounding cues. 345
The distance estimates of some of the participants in Experiment 2 were biased by 346 vergence. But this is not evidence of unconscious processing of the vergence signal. Instead, the 347 subjects with the highest gains reported responding to consciously felt muscular sensations from 348 intense sustained near fixation. For instance BF, the subject with the highest gain, reported that the 349 experiment was "messing up my accommodation": Similarly KL, the subject with the second highest gain, reported that with near targets she felt her 356 "eyes accommodating a lot to get them to work." So, whilst our experimental paradigm effectively 357 controlled for the conscious muscular sensations that accompany eye movements (kinaesthesia), 358 it failed to control for the conscious muscular sensation of sustained near fixation (proprioception). 359 Such muscular sensations are rarely felt in everyday viewing, and appear to be a shortcoming of 360 manipulating vergence and accommodation as pure optical reflexes (see Charman & Heron, 2015 361 for similar concerns about Badal systems). 362
In the remainder of this Discussion we explore two alternative explanations for these results 363 that have been put to us, and explain why we do not find these alternative explanations convincing. 364
Our starting point is that we should be very reluctant to try and construct ex post and ad hoc 365 rationalisations to try and 'save the data' from previous experiments if the data from those previous 366 experiments are collected in the presence of confounding cues. We also believe ex post and ad hoc 367 rationalisations have little cogent value unless they make testable predictions themselves, 368 otherwise they risk simply becoming 'just so' stories to fit the data (Heyes, 2019; Catmur, Press, 369 Cook, Bird, & Heyes, 2014; Kerr, 1998) . 370 371
Absolute Distance from Delta Theta rather than Theta? 372 373
The first alternative explanation agrees that our results show that the static vergence angle 374 (vergence angle theta) is an ineffective absolute distance cue, but suggest that the visual system 375 may instead be able to extract absolute distance from changes in the vergence angle (delta theta). 376
First, we would challenge the suggestion that the visual system is able to extract absolute distance 377 from delta theta. Second, we would challenge the suggestion that our results are only concerned 378 with static vergence, and do not account for delta theta as well. 379 1. Absolute Distance from Delta Theta: Delta theta (the change in the vergence angle) is 380 merely thought be a relative depth cue. As Brenner & van Damme (1998) observe, simply knowing 381 how much the vergence angle has changed "can be of little use for judging distances if we do not 382 know the orientation of the eyes before the change (1 deg of ocular convergence could be due to a 383 shift in gaze from 20 to just over 21 cm or from 2 to approx. 4 m)." This should be sufficient to 384 address the absolute distance from delta theta hypothesis. 385
By contrast, if the claim is that delta theta (changes in vergence) can scale absolute distance 386 in the presence of other absolute distance cues, that may be true, but it is uninteresting. All it would 387
show is that delta theta is a relative depth cue. Any pretence that vergence is an independent source 388 of absolute distance information would have to be given up. 389
But sometimes this second (uninteresting) claim is rearticulated to make it sound like the 390 first (interesting) claim. For instance, it has been suggested to us that changes in vergence (delta 391 theta) are combined with a 'specific distance tendency' (Gogel, 1969) to provide an independent 392 source of absolute distance information. But this is still the uninteresting claim that vergence is 393 merely a relative depth cue that is scaled by an independent source of absolute distance 394 information, in this context the 'specific distance tendency'. Furthermore, even articulated in this 395 way, this account suffers from three distinct shortcomings: 396 a. First, it is a distortion of the traditional relationship between vergence and the 'specific 397 distance tendency' posited in the literature (Mon-Williams & . There the 398 suggestion is that vergence is an independent source of absolute distance information whose 399 measurement of absolute distance is tempered by the 'specific distance tendency'. By contrast, 400 here the suggestion is that 'specific distance tendency' usurps vergence as an independent source 401 of our absolute distance information. 402 b. Second, we are skeptical that the 'specific distance tendency' actually exists. First, Gogel 403 & Tietz (1973)'s vague assertions of '2-3m' are decidedly unspecific for a specific distance 404 tendency. Second, the distance estimates in Gogel & Tietz (1973) for a point of light 30cm away 405 (mean = 46cm, median = 28cm) and 91cm away (mean = 100cm, median = 91cm) are much better 406 than the 'specific distance tendency' for which the paper is remembered. Third, as we have already 407 observed, there is no evidence for a 'specific distance tendency' in our own results. There is no 408 sense in which the results in Fig.5 cluster around a specific distance. Indeed, one of the defining 409 and surprising features of our results is the very high degree of variance in Fig.5 : subjects simply 410 seem to be largely guessing. Interestingly the very same high degree of variance can be found in 411 Gogel (1969) 's own results, where the standard deviation of distance estimates is the same size as 412 the actual distance estimates themselves. 413 c. Third, even putting these objections to one side, it is very unclear how this proposal 414 would work in practice. Does the absolute distance reset to the 'specific distance tendency' after 415 every vergence eye movement? Or are we stuck in a near infinite regress trying to trace our path 416 back to an original 'specific distance tendency' after multiple changes in vergence? Both are 417 recipes for an absolute distance mechanism that has no correspondence with reality. 418 2. Our Experiments Merely Static? It is hard to maintain that our experiments are only 419 concerned with static vergence, any more than any experiment that asks subjects to judge the 420 19 distance of a non-moving target (such as Mon-Williams & Tresilian, 1999) is concerned with static 421 vergence. Both of our experiments involved very significant changes in vergence: 10.5° in 422 Experiment 1 and 7.6° in Experiment 2. Since we rarely fixate on objects closer than 35cm, 10° is 423 equivalent to the full vergence range in normal viewing conditions (Fig.1) . The objection may be 424 that these changes, though significant, were made gradually in our experiments. But this concern, 425 which will be addressed below, is very different from claiming that our experiment is just about 426 static vergence, any more than Mon-Williams & Tresilian (1999) is. 427 428
Gradual Changes in Vergence Sub-Threshold for the Visual System? 429 430
Everyone agrees that the gradual changes in vergence in our experiments are subthreshold for the 431 observer. Indeed, that is their very point. But the remaining point of contention is whether the 432 changes are too gradual even for the observer's visual system to unconsciously process? 433 1. Effective Vergence Response: First, it is not as if observers in our experiment were 434 unable to make effective vergence eye movements over the course of 90 trials (in Experiment 1) 435 or 140 trials (in Experiment 2) that ranged over close to the whole vergence range (10.5° of 436 vergence in Experiment 1, and 7.6° of vergence in Experiment 2). So a critic of our experimental 437 paradigm is left in the unenviable position of having to maintain that the visual system both does 438 have access to these changes in vergence in order to make them, but doesn't have access to these 439 changes in order to specify absolute distance. 440 2. Apparent Monocular Motion: Second, whilst observers were subjectively blind to the 441 gradual changes in vergence, they are not subjectively blind to the monocular motion of the stimuli 442 when they close one eye. As an illustration of this point, I was able to judge the correct direction 443 of motion of the stimulus on every trial when I performed our experiment monocularly. This 444 reflects the principle that 'two eyes less are less sensitive than one' when detecting motion in a 445 stereo stimulus (Tyler, 1971 ). If monocular motion is above threshold for the observer, then it is 446 surely available to the visual system for unconscious processing. And this is all the vergence signal 447 is: two monocular direction signals that are combined. That these monocular motion signals are 448 subsequently suppressed by the visual system when they are combined (Tyler, 1971) in no way 449 challenges this point. Instead, it strengthens it: in order to suppress the equal and opposite signals, 450
the visual system first has to have access to them. 451 20 3. Apparent Binocular Motion: Third, Erkelens & Collewijn (1985a) observed that 452 binocular subjects could discriminate the lateral x-axis motion of a large-field (30° x 30°) stimulus 453 using version (conjugate eye movements), but not the z-axis motion in depth of the stimulus using 454 vergence (opposite eye movements). But the only difference between these two scenarios is the 455 sign (direction) of motion of one of the eyes, leading Erkelens & Collewijn (1985a) to conclude 456 that the extra-retinal (vergence vs. version) signal is likely responsible for the stark difference in 457 percepts. Whilst (as we explain below) our experiment stimuli are not analogous to Erkelens & 458 Collewijn (1985a)'s, the same phenomenon is observable: binocular x-axis lateral motion is clearly 459 visible, but z-axis motion in depth is not. But, according to Erkelens & Collewijn (1985a) 's 460 explanation of this phenomenon, this implies that the visual system must have access to the 461 vergence signal in our paradigm in order to suppress one percept (motion in depth from vergence) 462 but not the other (lateral motion from version). 463 4. Replacing Ineffectiveness with Redundancy? Fourth, arguing that vergence is blind to 464 gradual changes may be just as damaging to the claim that vergence is an important absolute 465 distance cue. If we maintain that vergence is blind to gradual changes, but it later turns out (as one 466 would expect) that subjects are no less accurate in judging absolute distance in full-cue conditions 467 when the distance of the target is gradually manipulated, then even under this alternative account 468 we would have shown that there is no benefit from having vergence as an absolute distance cue 469 when reaching for objects; the very scenario where vergence is thought to be at its most important 470 "Subjects seem to ignore information both about vergence angle (to overrule stereopsis) and about 477 stride length (to overrule depth from motion parallax)." However, first, it is important to 478 understand just how different our two experimental paradigms are, and second, we argue that these 479 studies actually support the idea that the gradual manipulation of vergence ought to be an effective 480 absolute distance cue. The fact that we don't find this to be the case is therefore a major finding 481 that challenges existing accounts of visual scale. 482 21 There are three important ways in which our experimental paradigm differs from the 483 'expanding room' experiments: 484 1. Limited Vergence Range: First, although Glennerster et al. (2006) increase the size of 485 their room by a factor of x4, because the distance of the object being tested is 75cm away, the 486 actual vergence manipulation is a mere 3.5° (75cm to 3m). As we see from Fig.1, this There is no equivalent conflicting size cue in our experiments since subjects were asked to 498 point to the distance of a dot. One suggestion is that the constant 2.4° x 2.4° angular size of the 499 fixation target in Experiment 2 may be a conflicting size cue. We disagree for five reasons: 500
First, the angular size of the fixation target did change in Experiment 1, where we found 501 similar results. 502
Second, we asked the subjects in Experiment 2 if they thought the dot was presented at the 503 same distance as the fixation target, and only one subject thought it was. The rest either had no 504 opinion, or positively thought it was not. The key point being that our subjects made no association 505 of identity between the fixation target and the dot. 506
Third, as you can see from the right panel in Figure 5 , the pointing responses were not fixed 507 at the initial presentation distance of the fixation target (50cm), which is what we would expect if 508 we were in an Erkelens & Collewijn (1985a; 1985b) no motion-in-depth scenario. 509
Fourth, our 2.4° x 2.4° fixation target is much closer in nature to a 2.1° x 2.1° spot where 510 motion-in-depth has been reported from vergence (Howard, 2008 ) than a 30° x 30° large-field 511 displays where it has not (Erkelens & Collewijn, 1985a; 1985b Sixth, in any case we'd expect any fixed angular size effect on a small stimulus to act as a 519
counter-cue to vergence as an absolute distance cue, as it arguably appeared to do in Viguier et al. 520 (2001) , not entirely eradicate vergence as a distance cue. passing through a door), subjects became surprisingly good at noticing a change in scale. All 526 subjects needed was some indication that the scale of the scene might have changed in order to 527 disrupt the stable scene assumption (something afforded by our experimental paradigm: each trial 528 the subjects were explicitly alerted to the fact that the distance of the dot had changed, and were 529 asked to reevaluate its distance). So Glennerster et al. (2006) provides evidence for the stable scene 530 assumption, not the suggestion that vergence is an ineffective absolute distance cue when gradually 531 manipulated (see also Rogers, 2011) . Helmert (2013) to conclude that "there is no empirical evidence that providing motion parallax 541 improves distance perception in virtual environments." Second, there is no suggestion that the 542 vertical disparities in the scene in Glennerster et al. (2006) are anything close to the 20° of the 543 23 visual field required for them to be an effective absolute distance cue (Rogers & Bradshaw, 1995) . 544
Which, third, only leaves the gradual manipulation of vergence as the remaining absolute distance 545 cue under Glennerster et al. (2006) 's account. Glennerster et al. (2006) therefore predicts that we 546 should find that a gradual manipulation of vergence is an effective absolute distance cue. The fact 547 that we don't is a significant finding that demands a new understanding of visual scale (see Linton, 548 2017; Linton, 2018 for this new account). 549 550 Conclusion 551
552
Vergence is considered to be one of our most important absolute distance cues. But vergence has 553 never been tested as an absolute distance cue divorced from obvious confounding cues such as 554 binocular disparity. In this article we control for these confounding cues for the first time by 555 gradually manipulating vergence, and find that observers fail to accurately judge distance from 556 vergence. We consider a number of different interpretations of these results, and argue that rather 557 than adopt an ad-hoc reinterpretation of vergence as blind to gradual changes, or reliant on delta 558 theta rather than theta, the most principled response to these results is to question the general 559 effectiveness of vergence as an absolute distance cue. Given other absolute distance cues (such as 560 motion parallax and vertical disparities) are limited in application, this poses a real challenge to 561 our contemporary understanding of visual scale (Linton, 2017; Linton, 2018) . Neither of the experiments were formally pre-registered, but the hypothesis that inspired these 570 studies was stated and explored in Linton (2017) . 571 572
